suMMARY Ten patients with stable angina pectoris and obstructed coronary arteries (>75% reduction in diameter) were studied before and during two periods of pacing, the second of which was preceded by sublingual administration of glyceryl trinitrate (mean dose 0*78 mg). Coronary sinus blood flow measurements and aortocoronary sinus blood sampling for metabolite determinations were carried out. Although the rate of pacing was increased by 10 beats/minute after glyceryl trinitrate administration, the onset of angina was delayed in eight patients during pacing. Drug administration decreased coronary sinus blood flow by 42% and myocardial oxygen uptake by 41% during pacing and induced a shift in mean lactate extraction towards a net release (from 3-1% to -12-6%). It increased the number of patients producing lactate from three to five. Glyceryl trinitrate administration decreased myocardial glucose uptake throughout the study, decreased lactate extraction during recovery, and increased the aortocoronary sinus citrate gradient at rest and during recovery, while the exchange of free fatty acids remained unchanged. A decrease in aortocoronary sinus lactate difference during pacing after glyceryl trinitrate administration correlated positively with the fall in coronary sinus blood flow.
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The metabolic data do not indicate an augmented myocardial lactate production after glyceryl trinitrate administration. A decrease in coronary sinus blood flow seems, therefore, to be of primary importance in explaining the elevated coronary sinus lactate concentration. Our finding that coronary sinus lactate concentration increased during pacing after glyceryl trinitrate administration despite clinical improvement questions the validity of its use as a quantitative index of ischaemia.
Glyceryl trinitrate is one of the well established agents used in the treatment of angina pectoris. Although the rise in heart rate after administration of the drug enhances myocardial oxygen consumption, this adverse effect is overridden by a peripheral vasodilatation resulting in a decreased myocardial oxygen demand.' <-A direct vasodilator effect on the coronary arteries seems to be of minor importance in treating stable angina pectoris.4
Previous reports of the influence of glyceryl trinitrate on myocardial metabolism have shown improved lactate extraction after administration of the drug to patients with coronary artery disease.56 In these studies atrial pacing was performed at the same frequency before and after its administration. This proAccepted for publication 14 June 1983 cedure does not, however, reproduce the reflex tachycardia which follows peripheral vasodilatation and thus results in a far greater reduction in cardiac work than that after clinical use of glyceryl trinitrate.
Although lactate production results from tissue hypoxia, the production rate does not always reflect myocardial ischaemia quantitatively.7 Free fatty acids, the preferred substrate of a well oxygenated heart, restrict myocardial utilisation of carbohydrates.8 This restriction might in part be effected at the level of phosphofructokinase owing to citrate accumulation.9 '0 Since ischaemia limits the utilisa-484 myocardial exchanges of free fatty acids, glucose, and citrate during pacing induced angina in patients with chronic coronary artery disease before and after sublingual administration of glyceryl trinitrate. The rate of pacing was increased after administration of the drug in order to imitate the reflex tachycardia which occurs after its clinical use.
Patients and methods
Ten men (mean age 54 years, range 44 60 years), were studied after informed consent had been obtained. All patients had chronic effort angina with ST segment depression during exercise testing. Six had had a myocardial infarct more than six months previously. All patients were in sinus rhythm and had no evidence of additional heart disease, systemic hypertension, or metabolic disorder. Between two and seven days before the study they underwent left ventriculography and coronary angiography. Stenosis of the coronary arteries resistant to glyceryl trinitrate was considered to be pronounced when the reduction in luminal diameter exceeded 75%. Two patients had pronounced stenosis of three vessels, five of two vessels, and three of one vessel. The left ventricular end diastolic pressure was 15±7 mmHg and the ejection fraction 56±19% (mean ±1 SD). All medication other than with glyceryl trinitrate was stopped more than one week before the study; glyceryl trinitrate administration was stopped eight hours before the study. TEST 
PROCEDURE
The patients were fasted for 15 hours overnight and examined without sedation in the supine position after resting for 30 minutes. A Wilton-Webster thermodilution catheter was introduced via an antecubital vein into a midposition of the coronary sinus; the position of the catheter was repeatedly checked by fluoroscopy. Changes in heart metabolism have been reported after injection of a contrast medium. ' period of pacing was performed at an increment of 10 beats/minute for each patient. In pilot studies the rate of pacing after administration of the drug was increased to the same level at which the drug increased the heart rate while at rest (about 20 beats/ minute). Nevertheless, because of intolerable angina pacing could not be continued for as long as in the control state. Although the haemodynamic effect of atrial pacing is not the same as that of exercise, myocardial oxygen demand is increased in both. Since the heart rate increases by 10 beats/minute after administration of glyceryl trinitrate during various exercise loads,'6 we increased the pacing rate by an increment of 10 beats/minute after giving the drug. In each of the 10 patients pacing could then be performed for the same period in the control state and after giving glyceryl trinitrate. To prevent atrioventricular block atropine 0*125 mg was given intravenously before pacing. Care was taken to ensure that the position of the thermodilution catheter was the same during both pacing tests.
Coronary sinus blood flow was determined three times at rest and at three, five, and seven minutes after pacing stopped. During the first pacing period coronary sinus blood flow was determined at about one minute intervals until angina developed. The flow during pacing was calculated as the mean of the last two determinations (in three patients the time before angina developed allowed only one determination). Systolic aortic blood pressure and heart rate were recorded at the same intervals as coronary sinus blood flow.
Blood samples were obtained simultaneously from the coronary sinus and aorta three times at rest and at one, three, five, and seven minutes after pacing stopped. During control pacing one sample was collected after the onset of angina; pacing was, however, continued until the end of sampling. Sampling and haemodynamic measurements were performed at the same time and at the same time intervals before and after drug administration in each patient. During each pacing period a total of 180 ml blood was drawn. This volume was almost compensated for by the saline load given for thermodilution (170-230 ml). Haemoglobin concentration was determined on all samples from the coronary sinus to detect possible dilution by the saline infusion.
Blood samples were analysed for oxygen saturation" I and immediately collected into heparinised ice cooled glass tubes. Deproteinisation for blood lactate a net lactate release of 117±24.0,mol/minute; this was not, however, statistically significant. Thus administration of glyceryl trinitrate decreased myocardial lactate extraction and in two patients produced a change from lactate extraction to lactate release (Fig. 1) . The decrease in mean aortocoronary sinus lactate difference correlated positively with the fall in coronary sinus blood flow (p<001) (Fig. 3) . After drug administration myocardial uptake of glucose and free fatty acids decreased by 50%/o, which was significant only for glucose. Mean aortocoronary sinus citrate difference and myocardial citrate release did not change significantly after drug administration.
Recovery-Glyceryl trinitrate administration decreased myocardial lactate extraction significantly at five and seven minutes (Fig. 2) and lactate uptake at five minutes. Glucose uptake was significantly reduced by a factor of 3 to 5 throughout recovery and glucose extraction was significantly halved at three and five minutes after giving the drug (Fig. 2) . The mean aortocoronary sinus citrate difference became increasingly negative from -6±4 ,umoVm to -12±3,umol/ at five minutes (p<0-001) and from -5±5 Amol/l to -9±3,umol/l (p<0.02) at seven minutes after glyceryl trinitrate administration (Fig. 2) . Myocardial citrate release remained unchanged. Exchanges of free fatty acids were the same after glyceryl trinitrate administration. Discussion
In the present study glyceryl trinitrate relieved pacing induced angina in eight out of 10 patients with coronary artery disease despite the fact that the pacing rate was increased after drug administration.
The antianginal effect of glyceryl trinitrate is mainly related to its peripheral vasodilator properties.2 4 Venous return, blood pressure, and afterload are reduced.2 This results in a reduction in heart size Bagger, Nielsen, Henningsen and intraventricular pressure with a subsequent decrease in wall tension, a major determinant of myocardial oxygen requirements. I I As a result of the decreased blood pressure a reflex tachycardia develops.3 17 An increase in heart rate of 10 beats/ minute has been reported after glyceryl trinitrate administration during varying exercise loads. '6 We increased the pacing rate by the same amount after glyceryl trinitrate administration to maintain tachycardia during pacing and to avoid too great a reduction in cardiac work. Although a rise in heart rate increases myocardial oxygen consumption, our study produced a decrease in myocardial oxygen uptake during pacing. This result indicates that cardiac work was reduced after administration of glyceryl trinitrate in accordance with the clinical improvement in the patient's condition.
The rate-pressure product has been used as a clinical predictor of myocardial oxygen demand.'8 Our finding that this product remained unchanged at rest after glyceryl trinitrate administration (Table 1) despite reduced oxygen uptake (Table 2) indicates that the rate-pressure product should not be used when estimating myocardial oxygen consumption after administration of the drug. '7 The fall in coronary sinus blood flow at rest and during pacing in this study is consistent with that in other reports4 19 and probably reflects the decreased cardiac work after glyceryl trinitrate administration. Although glyceryl trinitrate thus lowered cardiac work and delayed the onset of angina during pacing, a higher coronary sinus lactate concentration was found in all except one patient, which resulted in a significantly decreased lactate extraction for the total group ( Figs. 1 and 2) .
Increased coronary sinus lactate concentration may be caused by either an increased myocardial lactate production or a decrease in coronary sinus blood flow. As the decrease in aortocoronary sinus lactate difference correlated positively with the fall in coronary sinus blood flow during pacing (Fig. 3) , the changes in coronary sinus blood flow seem to have been of primary importance in our study.
The finding that in two patients lactate uptake changed to lactate release (Fig. 1) , and the tendency for a mean increase in lactate output during pacing after glyceryl trinitrate administration (Table 2) , may reflect regional haemodynamic effects of the drug. Administration of the drug increases the relative flow in the endocardium and in hypoperfused regions.'9-21 Thus a glyceryl trinitrate mediated redistribution of blood flow with faster regional lactate washout might further increase coronary sinus lactate concentration, lactate production remaining unchanged (Fig. 2) .
Our data argue against the possibility that the y = _ P<C group.bmj.com on November 9, 2017 -Published by http://heart.bmj.com/ Downloaded from Coronary sinus lactate concentration after glyceryl trinitrate increased coronary sinus lactate concentration after glyceryl trinitrate administration was due to increased lactate production. Mean glucose and free fatty acid uptake tended to decrease equally during pacing (by about 50%) ( Table 2 ). The fall in the uptake of both substrates corresponded closely with the reduction in coronary sinus blood flow as fractional extractions remained constant (Table 2) . Our results on myocardial citrate exchange further support this view. Owing to the inhibition of the glycolytic key enzyme phosphofructokinase myocardial citrate concentration is considered to be a main-regulatory monitor of the glycolytic pathway.8-'0 We have previously reported an inverse relation between the transmyocardial plasma citrate gradient and carbohydrate utilisation and have suggested that the aortocoronary sinus plasma citrate difference is a marker of glycolytic activity." In the present study the aortocoronary sinus plasma citrate difference did not change during pacing (Fig. 2) .
In fact, our metabolic data at rest and during recovery suggest a relatively decreased carbohydrate utilisation and unchanged free fatty acid uptake after glyceryl trinitrate administration. The glucose uptake decreased throughout the study and fractional extractions of both glucose and lactate decreased during recovery. By contrast, free fatty acid extraction remained unchanged and no convincing tendency of a reduced uptake of free fatty acids was found at rest or during recovery. In support of an inhibited glucose utilisation, significantly more negative aortocoronary sinus plasma citrate differences were found at rest and during recovery (Fig. 2) .
Lactate release across the heart is considered to be of great diagnostic value in establishing the presence of ischaemia in patients with coronary artery disease. [22] [23] [24] From tracer studies25 and measurements of net chemical lactate exchanges'2 24 a relation has been found between the magnitude of lactate release and the degree of coronary artery stenosis. A change in myocardial lactate metabolism towards increased extraction has been widely used as evidence that a treatment improves myocardial function. '5 22 Nevertheless, case reports of an unaccountable increase in myocardial lactate production after intervention have been published. 26 This work has been supported by grants from the Danish Heart Association.
